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We study the recently discovered 0+ baryon in the context of the perturbative chiral 
quark model. The basic configuration of the ©+ is set up as a pentaquark bound state, 
where the single particle wave functions are the ground state solutions of a confining 
potential. We classify the resulting pentaquark multiplets as the = l/2~ and 3/2~ 
flavor SU(3) antidecuplet. The full mass spectrum of the multiplets is determined by 
including meson and gluon cloud contributions inducing flavor SU(3) breaking. Mainly 
due to the semi-perturbative gluon effects the resulting 3/2~ antidecuplet is about 185 
MeV heavier than the l/2~ one. We assign the observed 0+ baryon as a member of 
the l/2~ antidecuplet and discuss in particular the relation to the recent experimental 
signal for a H baryon. 

1. Introduction 

Recently an exotic baryon, which is now called the 6+, was observed by several 
experimental collaborations This baryon is supposed to be an exotic hadron 
with positive strangeness 5 = +1. Since such a quantum number requires the 
additional existence of at least a valence antiquark in the G"*" baryon, this minimal 
configuration is in clear contrast to the three valence quark picture of conventional 
baryons. Another characteristic property of the 0"*" is its unusually narrow decay 
width. From recent experiments upper bounds for the total width of the were 
reported to be around 9 ~ 25 MeV. Moreover, a recent revised analysis of kaon- 
deuteron scattering data ^ shows that the 9+ width should be smaller than 1 
MeV if the baryon exists and if the isospin assignment equals zero. There is also 
an experimental (very preliminary) indication that the 0"*" is a isosinglet ^. After 
the observation of the 0"*" another narrow exotic baryon, the S , with double 
strangeness S = —2 was recently claimed to be seen ^. 

Many theoretical interpretations have been put forward for the 0+ baryon. Orig- 
inally, the 0+ baryon was predicted by the chiral quark soliton model ^ including 
its mass and narrow decay width, before it was confirmed by the experiments ^'^ . 
In this model baryons are considered as bound states of valence quarks in a self- 
consistent field of pseudoscalar mesons. The 9+ baryon shows up as a isosinglet 
member of the spin-parity multiplet = 1/2+ which is classified as a fiavor SU(3) 
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antidecuplet 10/. Note that the prediction of the G+ baryon which is based on a 
collective quantization of the chiral soliton was shown to be inconsistent with large 
Nc QCD counting ^. 

The interpretation of the 0+ as a quasi-bound ttKN system with isospin / = 
and spin-parity = 1/2+ was tested in Ref. The analysis in Ref. is based on 
a solution of a partial Faddccv equation in the chiral unitary approach by assigning 
the K resonance to the Kn subsystem. The authors did not obtain a bound state 
and concluded that the 0+ baryon is unlikely to be a quasi-bound nKN system. 

Another popular scenario for the structure of the 6+ is, of course, a pentaquark 
picture, where the minimal configuration of four quarks and a single antiquark 
form a bound state. Many models for the 6+ baryon as a pentaquark state have 
been developed since the first evidence for this state was reported. They can be 
divided into two main categories, namely correlated ^'^ and uncorrelated quark 
models 10,11,12,13,14 -^^ ^i^^ gj.g^ kind of approaches strongly correlated subsystems 
of two or three quarks (and the antiquark) are treated as single particles. Such an 
ansatz leads to a considerable simplification of the inner structure of exotic baryons 
in terms of three- or two-body systems which is furthermore exploited. 

A typical example for a correlated model is the one originally proposed by Jaffe 
and Wilczek ^. They suggested that the 0+ baryon is a bound state of two diquarks 
and a single antiquark, where each diquark has spin-parity 0+ in a 3c color and a 3/ 
flavor state. These diquarks obey Bose statistics and their spatially antisymmetric 
wave function contains a P-wave in angular momentum. Exotic baryons (including 
the 9+) result from a bound system of two diquarks and a single antiquark with 
spin-parity either 1/2+ or 3/2+. Choosing the total spin-parity as 1/2+ and ideal 
mixing for the resulting 8/ and 10/ flavor multiplets, the lightest member of the 
exotic multiplet is identified with the Roper resonance with a fixed mass of 1440 
MeV. The parity of the ©+ is positive since one unit of orbital angular momentum 
is involved, which is compensated by the negative intrinsic parity of the antiquark. 

Karliner and Lipkin considered an alternative scheme of a correlated quark 
model. Their approach is based on the idea that the 6+ baryon is considered as 
a bound state of a di- and a triquark ^ coupled together in a relative P-wave. 
The triquark is proposed to be the correlated system of two quarks and a single 
antiquark with total spin-parity 1/2" in the 3c, 6/ state. The spin-parity of the 
total correlated five-quark system is 1/2+ and 3/2+ as in the Jaff'e- Wilczek model. 
Moreover, the 8+ is again a member of the 10/ multiplet arising from a 8/ + 10/ 
decomposition. The mass of the 0+ is estimated phenomenologically by using input 
from the D meson spectrum. 

In uncorrelated quark models the five-body system is studied directly, mostly 
in a direct extension of the conventional baryon system consisting of three valence 
quarks. Several models based on different valence configurations and varieties in the 
residual dynamics have been proposed and studied I0'ii'i2,i3,i4 rpj^jg traditional sce- 
nario for the pentaquark structure of the 6+ is claimed by several authors involved 
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in correlated models to be problematic. In fact, because of unconstraint number 
of degrees of freedom the uncorrected five-body approaches lead to a larger num- 
ber of possible configurations of constituents than correlated ones. On the other 
hand, uncorrelated models cover a wide spectrum of possibilities for the possible 
pentaquark structure of the 6+ baryon. For example, it is possible to construct 
a negative parity antidecuplet within uncorrelated models, while it is difficult to 
be realized using the correlated approaches discussed above. The parity of the 0+ 
baryon is not experimentally determined yet. If the parity is negative, the models 
suggesting a positive parity for the G+ baryon are ruled out immediately. In par- 
ticular, QCD sum rule calculations ^^'^^ and a lattice QCD simulation indicate a 
negative parity for the 6+. The main advantage of the five-body treatment is that 
the particles involved are ordinary ones, i.e. quarks and antiquarks, which are the 
same degrees of freedoms as in conventional hadrons. A straightforward extrapo- 
lation of the conventional hadron systems to their exotic partners helps to obtain 
a unified understanding of the complete baryon spectrum. It is relatively easy to 
introduce and define the dynamics in such models by assuming a universal underly- 
ing dynamical picture in explaining the full set of baryon states. Moreover, in this 
treatment the quark Fermi statistics can be imposed strictly, while in the correlated 
approaches it is only exactly fulfilled when the diquark is really a pointlike particle. 

In this paper, we construct an uncorrelated pentaquark picture for the O"*" 
baryon in extension of the perturbative chiral quark model . This quark model 
was originally developed as an effective approach to conventional baryons considered 
as bound states of three valence quarks which are supplemented by a cloud of 
pseudoscalar mesons. The model has been succcissfuUy applied to the description of 
canonical baryon properties 18,19,20 ^^ic current work, we tune the model such 
that it can be extended to the pentaquark systems. We then investigate the mass 
spectrum of the negative parity antidecuplets with spin 1/2 and 3/2, where one of 
the members can be associated with the 0+ baryon. 



2. The perturbative chiral quark model (PCQM) 

The perturbative chiral quark model i^'^^'^o jg aimed at the description of baryons 
based on an effective chiral Lagrangian. The model describes the valence quarks 
of baryons as relativistic fermions moving in an external field (static potential) 
Ves{r) = S{r) -|-7°y(r) with r = \x\. The valence quark core is supplemented in 
the flavor SU(3) version by a cloud of Goldstone bosons (tt, K, -q) according to the 
chiral symmetry requirement and in addition by quantum fluctuations of the gluon 
field Treating also Goldstone fields as small fluctuations around the valence 
quark core, we derive the linearized effective chiral Lagrangian 

£eff(ar) = ^{x) [i <j, - Veff (r)] ^{x) + \ Y}d^^i{x)f - \fI,F'^^^ 
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-p r ys r ^n\-^J-2 ("yy-^) "T'^xS 

where F = 88 MeV is the pion decay constant in the chiral Umit^^; Qs is the 
quark-gluon coupHng constant; is the quantum component of the gluon field 

8 

and F° is its conventional field strength tensor; $ = ^i^i = J2^p^p is the 

j=i _p 

octet matrix of pseudo-scalar mesons with P = n^jir^jK^^jK^jK^jT]. The term 
^xSb{x) in Eq. (1) contains the mass contributions both for quarks and mesons, 
which explicitly break chiral symmetry, 

^xSb{x) = -ij{x)M^{x) - ^Tr[^\x)M] . (2) 

Here, M = diag{TO„, m^, Wg} is the mass matrix of current quarks, B = 
— (0|?iu|G) /F^ is the quark condensate constant. Wc rely on the standard picture of 
chiral symmetry breaking and use the leading term for the masses of the pseu- 
doscalar mesons. In our numerical calculations, we restrict to the isospin symmetry 
limit with m„ = = m. After diagonalization the physical meson masses are 
given by 

Ml = 2rhB, M% = {rh + ms)B, = |(m + 2m^)S . (3) 

In our evaluation, we choose the following set of QCD parameters 



m = 7MeV, -r^ = 25, B = = 1.4GeV. (4) 

We formulate perturbation theory in the expansion parameter ^{x)/F ^ Ij^/Wc 
and treat finite current quark masses perturbatively All calculations are per- 
formed at one loop or at order of accuracy o(l/F^, m, m^). 

The unperturbed eigenstates of quarks and antiquarks in the confining potential 
are determined by the Dirac equation 

[i^-Vea{rWx) = Q. (5) 

We denote the quark and the antiquark wave functions in the respective orbits a 
and (} as: 

Ua{x) = Ua{x) exp(-zfa) , vp{x) = vp{x) cxpiiS/s) . (6) 
The eigenstates are used for the expansion of the quark field ip{x) as 

'^i^) = X] baUa{x) exp{-i£at) + ^ dlvf3{x) exp{i£fst) (7) 

a 

where ba and dj^ are the corresponding single quark annihilation and antiquark 
creation operators. 

We use the single-particle ground state configurations, namely uq{x) and vq{x), 
to construct the unperturbed baryonic state |^o)'^- For example, the wave function 
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Fig. 1. Radial wave function for the valence quark: solid line for upper g{r) and dashed line for 
lower component f{r) . 



of conventional baryons is given by the direct product of single quark wave functions, 
3 

i.e. by Y[ U'o{xi) in analogy to the non-relativistic non-interacting quark model. The 

4 

unperturbed wave function of the 6+ baryon is then set up as fl uo{xi)vo{x5) in 

i=l 

our pentaquark picture. Here, color, spin and flavor indices are suppressed. The 
explicit form of the ground state quark wave function is set up as 

= ( ^^ft)a ■ f ) ^o°(^)X.X/Xc, (8) 
while for the ground state of the antiquark we have 

^o(r1 = Y,'(f)xsXfXc , (9) 

where in wo(r) the dominant lower component is an S-wave. The radial wave func- 
tions /(r), g{r), k{r) and l{r) are determined by the Dirac equation (5) and depend 
on the choice of the confining potential. 

Previously we have used a three-parameter harmonic oscillator potential to set 
up the single-particle ground state wave functions In the present approach we 
generalize the confining potential to also include antiquark solutions. First we use 
a linear type scalar potential S{r) = cr with c = 0.11 GeV^. Here, the strength 
constant c is chosen such that the resulting quark wave functions yield a value for 
the charge radius of the proton with \J < r% >£q = 0.76 fm at tree level as for 
the harmonic case We furthermore introduce for simplicity a vector potential 
with V{r) = Vo = constant. A constant vector potential merely shifts the energy of 
the eigenstates which only appears in the absolute values of the resulting baryon 
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masses. For V{r) = Vq the quark and antiquark wave functions are symmetric with 

g{r) = -~k{r) and /(r) = -l{r) . (10) 

Here the minus signs just occur due to our convention in defining the radial wave 
functions of Eqs. (8) and (9): g{r) and l{r) are chosen to be positive. The radial 
wave functions for the quark are shown in Fig. 1. The single energies of quark and 
antiquark are given by ±537 McV+Vo, respectively. Previously wc also introduced 
a slight flavor dependence in the effective potential resulting in an improved fit 
of hyperon properties i.e. masses and weak decay parameters. In this paper, for 
simplicity, we do not introduce such a difference, hence we refer to the "symmetric 
parameter" version of . 

The expectation value of an operator A in baryon B is set up as: 

<i>=^(<Ao|$^^ (fxr...d''xnT[jC,i{xi)...jCi{Xn)A]\(j>o)^ (11) 

n— 

where Ci{x) refers to the interaction Lagrangian, i.e. the 4-th term of the total La- 
grangian of Eq. (1), and subscript c refers to connected graphs only. The interaction 
Lagrangian includes effects of the meson cloud and gluonic quantum corrections to 
the baryon. For the evaluation of Eq. (11) we apply Wick's theorem with appropri- 
ate propagators for quarks, mesons and gluons. 

For the quark field we use a Feynman propagator for a fermion in a binding 
potential with 

iG^{x,y) = {Qm{x)i,{y)m (12) 

and 

iG^{x,y) = e{xo - yo) Yl Ua{x)ua{y) e-'^°(^°-^°) 

- e{yo - xo) e'^^^""-^"^ • (13) 

In the present study we restrict the expansion of the quark propagator to the 
ground state both for quarks and antiquarks. For the meson fields we adopt the 
free Feynman propagator with 

i^PP,{x-y) = {Q\T{^p{x)^P.{ym = 5pp, J ^^y-^Ml-t^-f - ^^^^ 

For the gluon field we use the dressed propagator containing an effective quark-gluon 
coupling constant as{k'^) = g1{k'^) / {^tt) with a nontrivial momentum dependence. 
In our considerations we work in Coulomb gauge to separate the contributions of 
Coulomb (^q) and transverse (^4") gluons in the propagator: 

/^4jL -ik(x-y) 
{2n)H fc2 (15) 
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and 

/fjih p-ik(x-y) ( h h A 

Following an approach to low-energy QCD as based on the solutions of the Dyson- 
Schwinger equations "^^ we suppose that the running coupling constant as(fc^) in- 
cludes nontrivial effects of vertex and self-energy corrections, etc. In the present 
paper we use a simple analj^ic form for as suggested in Ref. 



In 



(l+i/AgcD)' 



m (17) 



where t = —k"^ is an Euclidean momentum squared, F{t) = 1 — exp(— t/[4mf]) , 
r = - 1 , 7„ = 12/(33 - 2Nf) , Aq^=^ = 0.234 GeV , w = 0.3 GeV and m* = 0.5 
GeV. The fimctional form of as{t) was fitted to the pcrturbativc QCD result in 
the ultraviolet region (at large momentum squared) and is governed by a single 
parameter D in the infrared region. In Ref. the parameter D = (0.884 GeV)^ was 
adjusted phenomenologically to reproduce properties of pions and kaons described 
as bound states of constituent quarks. In our considerations we fit the effective 
couphng with D = (0.5 GeV)-^ such that the A — N mass splitting is reproduced 
The running coupling as{t) between quarks and gluons should be considered as 
effective, since it depends on the way its used in phenomenology. Since in our 
model we utilize gluon as well as meson degrees of freedom, it is natural that our 
fitted value for D is smaller than the one of Ref. Namely, the relatively small 
value for D leaves space for meson cloud effects in the infrared region. 



3. Pentaquark baryon systems and mass spectrum 

The pentaquark baryon systems include a four-quark subsystem which is totally 
antisymmetric under the permutation of quarks. We begin with the discussion of 
this subsystem. In the context of a potential model, where the residual interaction 
is treated perturbatively, it is natural to start with the energetically favored con- 
figuration where all four quarks are in the ground state orbit. Some models ^^'^^ 
discuss a configuration with an excited quark which is the energetically lowest one. 
However, the issue of level reversing in the basic five-quark configuration strongly 
depends on the dynamics involved in the model. In the context of our model we 
assume no excitation for the beginning. We will return to this point later on. With 
this condition the four-quark subsystem is symmetric in orbital space and in a color 
3c state such that the total pentaquark system is a color singlet: hence the subsys- 
tem is mixed symmetric in color space. The O pentaquark includes four u and d 
quarks. The spin and isospin coupling of the four non-strange quarks can in general 
result in total spin 8=0,1,2 and isospin 1=0,1,2. The (8=2, 1=2) state is forbidden 
here, since both the S=2 and 1=2 configurations are symmetric in the respective 
space and a totally antisymmetric four-quark subsystem cannot be formed, when 
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combined with the orbital and color symmetries. The possible spin-isospin combi- 
nations which result in a totally antisymmetric configuration are (S=0, 1=1), (S=l, 
1=0), (S=l, 1=2) and (S=2, 1=1) ^5. 

Capstick et al. studied the (S=l, 1=2) combination ^'^ . In this model the 6+ 
baryon is a member of a isotensor multiplet: {9+++, 6++, G+, 0°, ©~} and its 
narrow decay width is explained by isospin conservation. Carlson et al. originally 
studied the case of (S=l, 1=0) Yet the authors revised their work by referring to 
a configuration with one orbital excitation, in line with their estimate of the energy- 
shift due to the specific residual interaction There is experimental indication that 
the 8+ baryon seems to be an isoscalar ^. Wc follow this suggestion and choose the 
(S=l, 1=0) combination in our considerations. All four-quark combinations exist 
simultaneously in the present quark model, and each of these will correspond to a 
certain baryon multiplet. A complete case for pentaquarks should be able to put 
forward a consistent dynamical mechanism to explain the observable part of these 
multiplets and the decay characteristics of the experimentally accessible states. We 
will comment on this point later on. 

The isosinglct four-quark combination with the [22] Young tableau in the two- 
flavor picture becomes the 6/ in the flavor SU(3) generalization. Therefore, by 
adding a single antiquark (3/) to the four-quark system we generate pentaquark 
states which split into the 8/ and the 10/ flavor SU(3) multiplets as in the Jaffe- 
Wilczek * and Karliner-Lipkin ^ models. The 0+ baryon then belongs to the an- 
tidecuplet 10/. 

The spin-parity of the four-quark subsystem with (S=l, 1=0) is 1+. In the con- 
text of the model it is natural to assume that the antiquark is also in a S-wave 
ground state. As a consequence the spin-parity of the pentaquark states are l/2~ 
and 3/2~, where, since no angular-momentum excitations are introduced, the par- 
ity is negative. This point is characteristic of the present approach when compared 
to other models (sec discussion in Section 1). In total we have 36 pentaquark states 
distributed among four multiplets: two octets and two antidecuplets with two pos- 
sible spin-parities, l/2~ and 3/2~. Their explicit wave functions can, for example, 
be constructed by dividing the four-quark subsystem into two-quark pairs (for a 
detailed discussion see Ref. ^^). 

In the following we restrict the application of the PCQM to the study of the 
mass spectrum of the negative parity antidecuplet 10/. In the isospin symmetry 
limit wc consider the masses of the O, N, S and S baryons denoting the isospin 
multiplets in each row of the antidecuplet. At this point we do not introduce a 
mixing between the 8/ and the 10/. The resulting masses of N and E may therefore 
not correspond to physical ones even if the present approach is realistic. If and 
how strong the ensuing mixing develops dynamically is currently an open issue. 
The masses of the Q and the S are not affected by this mixing. We consider both 
the spin 1/2 and 3/2 antidecuplets and study the mass splittings, in particular of 
9 and S, induced by the flavor dependent current quark masses and by residual 
interactions. 
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(a) (b) 

Fig. 2. Meson loop diagrams contributing to the pentaquark energy shift: meson cloud {2a) and 
exchange diagrams (2b). 



(a) (b) 

Fig. 3. Gluon loop diagrams contributing to the pentaquark energy shift: gluon cloud (3a) and 
exchange diagrams (3b). 

First, on the level of the model confinement the exotic baryon masses of the 
four different isomultiplets develop mass differences due to the different strange 
quark/antiquark content including the hidden one. In the present approach finite 

5 

current quark masses contribute a linear term with ^ mij to the baryon mass, 

1=1 

where 7 = / (Px uo{x)uq{x) is the relativistic reduction factor^^. For the number of 
valence quarks, that is nonstrange (n) and strange quarks (s) and similarly for the 
antiquarks (n and s) in each baryon, one can use the numbers listed in Table 14 of 
the Appendix. In the current model the total number of s plus s is one unit larger 
in S than in Q as is known from Ref. 1^,26^ 

Second, the residual quark interaction induces energy shifts depending on the 
particular pentaquark state. In the PCQM the energy shift of the pentaquark va- 
lence particles interacting with pseudoscalar mesons and quantum gluon fields is 
evaluated perturbatively as 

2 

AniB = ^(0o| E ^/ iSih)d*xi . . . d^XnT[Ci{xi) . . . /:,(a;„)]|0o)f (18) 

n— 1 

where Ci{x) is the interaction Lagrangian set up in Eq. (1). The resulting diagrams 
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contained in Ams are shown in Fig. 2 (meson contribution) and in Fig. 3 (gluon 
contribution) where the five internal solid lines represent both the valence quarks 
and antiquark. For example, the contribution of pion-exchange between two quarks 
to the pentaquark mass shift is given by 



- '-^fr^ EE ■ 1^) ' (19) 

Q i<.j a—1 

where G'jrqq{k'^) is the nqq coupling form factor given by: 

oc 

G.,g{k') = jdrr' [2f{r)g{r)] S{r)n{kr) . (20) 



Similarly, the contribution of pion-exchange, now between a quark and an antiquark, 
is 

oo 4 3 

Amr""^''" = "'^^Ml+'^r^"'^ (^1 EE ■ 

where index "5" refers to the antiquark. The form factor G„qq{k'^) describing the 
coupling of a 7r-meson to two antiquarks is expressed by the components of the 
antiquark wave function Vo{f): 

oo 

G^ggik^) = jdrr^ [2k{r)l{r)] S{r)n{kr) . (22) 



The contribution of gluon exchange between two quarks to the pentaquark mass 
shift is 

oo 4 

Am««« = fdkas{k')GUk^) {B\ ^Xf • Xf \B) 

oo _j 

- i- ldka,{e)Gl,{k'){B\ ^Xf-Xfa^-aj \B) (23) 

where the first and second terms arise from the electric and magnetic contribution, 
respectively. The corresponding form factors Gsik'^) and Guik"^) are defined by 



oo 

GE{k^) = jdrr^ [f{r)+g^{r)] jo{kr) (24) 



oo 

GM{k^) = Jdrr^[2f{r)g{r)]h{kr), (25) 





U2 



where as{k'^) is the running quark-gluon coupling constant (see Section 2). 
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Table 1. Mass shifts of tlic s])iii 1/2 anl idccniilct baiyons in imits of MeV. 





quark mass 


meson 


gluon 


e 


148 


-429 


-603 


N 


189 


-399 


-603 


S 


230 


-367 


-603 




271 


-333 


-603 



Table 2. Mass shifts of the spin 3/2 antidecuplet baryons in units of MeV. 





quark mass 


meson 


gluon 


e 


148 


-450 


-397 


N 


189 


-423 


-397 


S 


230 


-397 


-397 




271 


-373 


-397 



The contribution of all other occurring diagrams can be given in a similar fash- 
ion. We omit so called Z-type self-energy Feynman diagrams to avoid possible double 
counting. All relevant flavor-spin and color-spin matrix elements are summarized 
in the Appendix. 

Numerical values for the mass shifts of the pentaquark states are deduced for 
our specific confining trial potential. In Tables 1 and 2 we summarize the results for 
the mass shifts of the spin 1/2 and 3/2 antidecuplet baryons, respectively. Column 
"quark mass" refers to the mass shifts induced by the current quark mass. Includ- 
ing relativistic effects the current quark mass induces 41 MeV splittings between 
consecutive rows of the antidecuplet. Therefore, because of the quark mass term 
the S becomes 123 MeV heavier than the 6, which is a typical result of pentaquark 
models. 

The meson cloud leads to a considerable lowering of the antidecuplet baryon 
masses of about 400 MeV. This value is larger than for the case of conventional 
baryons of about 300 MeV. SU(3) flavor symmetry breaking as induced by the 
flavor dependent meson masses has qualitatively the same effect as for the case of 
the current quark mass. The respective splittings lead to an increase in mass when 
descending in the rows of the multiplet. For example, the S becomes heavier than 
the G+ by 96 MeV in the spin 1/2 antidecuplet, and by 86 MeV in the spin 3/2 
antidecuplet. The negative mass shift due to the meson cloud is stronger in the spin 
3/2 antidecuplet than in the spin 1/2 one. The difference arises from the exchange 
contribution between the quarks and the antiquark. This particular contribution is 
included in some studies ^"^j while omitted in others It is repulsive in the total 
spin 1/2 channel and attractive for the spin 3/2 pentaquark baryons (see Tables 5 
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and 6 in the Appendix). Therefore, a residual quark interaction solely based on a 
mesonic mechanism leads to spin 3/2 pentaquark baryons which are lighter than 

the flavor partners of the spin 1/2 one. But in our model the size of the splitting is 
not so large, about 20 ~ 40 MeV. For the usual ground state baryons consisting of 
three valence quarks, meson cloud effects lead in the present model to a spin 3/2 
decuplet which is about 100 MeV heavier than the spin 1/2 octet 

The applied semi-perturbative gluon mechanism splits the two spin states by 
206 MeV, such that the spin 3/2 antidecuplet is heavier than the spin 1/2 one. This 
feature is quite similar to that of the ground state spin 1/2 and 3/2 case, where three 
valence quarks arc involved. The origin of the splitting is traced to the magnetic 
part of the exchange contribution between the quarks and the antiquark. For the 
spin 1/2 pentaquark baryon it is attractive while for spin 3/2 it is repulsive (see 
Tables 7 and 8 in the Appendix). Here, we use the same dressed gluon propagator 
for the exchange between two quarks, and also between a quark and an antiquark. 
The results we obtain for the gluon induced mass shifts are qualitatively consistent 
with Ref.". 

Within the hybrid mechanism of the present model, the spin 3/2 antidecuplet 
baryons become in total heavier than the spin 1/2 one. Within this context the 
observed G+ is likely to be assigned to the lighter spin 1/2 multiplet. The splitting 
of about 185 MeV, however, is not so large. As a consequence of the present scenario 
the spin 3/2 baryon is located at 1725 MeV. The negative parity spin 1/2 8 at 
around 1540 MeV can decay to the S-wave KN system, while for spin 3/2 the Q 
baryon cannot. In this scenario we still need to account for the observed narrow 
decay width of the 9 baryon. The reduced overlap between the decay channel KN 
and the resonance with the present color-spin-flavor wave function provides a 
suppression of the decay width by a factor 1/4 This can explain part of the 
weak coupling to the KN channel. 

The mass difference between the Q and the S in the spin 1/2 antidecuplet is 220 
MeV in total. Using a 9 mass of 1540 MeV as input the model predicts a spin 1/2 5 
baryon with negative parity at around 1760 MeV. This result is 100 MeV lower than 
the recent experimental finding for a S~~ at about 1860 MeV In the present study 
we have used a simplified confinement model leading to symmetric quarks/antiquark 
wave functions. The discrepancy may indicate that a more realistic confinement is 
needed. At least in the context of the mass spectrum the two possibly observed 
9+ and S baryons can be associated with members of the 1/2 multiplet. In 
the present model effects of flavor symmetry breaking work constructively and lead 
to considerable splitting between these two states. A discussion of only the mass 
spectrum is obviously not sufficient to judge the nature of the observed exotic 
baryon states. In particular, experimental information on parity and spin of both 
states is urgently needed to constrain and also select the theoretical approaches. 

In the present simple model the energy of an unperturbed single quark or an- 
tiquark in the ground state orbit is 537 MeV ± Vo, respectively, where Vq is the 
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Table 3. Antidecuplet pentaqucirk masses in units of MeV. 
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= 1/2- 


1540 


1611 


1684 


1759 


JP 


= 3/2- 


1725 


1793 


1860 


1925 



value of the constant vector potential (see Section 2). Starting from this indepen- 
dent particle model the unperturbed mass of the pentaquark system is given by 
2685 MeV + 3Vb — -B^m, where E^"^-^ represents the spurious energy of the center-of- 
mass motion. By simply setting 3Vb — -Ecm = — 261 MeV and using in addition the 
obtained total mass shift of —884 MeV for the spin 1/2 9, we fit the mass of the G+ 
baryon of 1540 McV. Similarly, the unperturbed mass of the three-quark system is 
given by 1611 McV + 3Vo — -Ecmi in this case the nucleon mass can be fitted as 
well. The two spurious energies and E^^ are in general different (judging from 
the non-relativistic harmonic oscillator potential should be smaller than E^°^, 
hence the mass difference between the nucleon and the G"*" cannot be predicted in 
the present approach. The obtained mass spectrum of antidecuplet pentaquarks is 
indicated in Table3. 

Finally, we give indications for the validity of our basic model configuration, 
where all valence quarks and the antiquark are placed in ground state orbits with 
the four-quark coupling (S=l, T=0). In the work by Carlson et al. it is shown 
that a configuration with one excited quark is energetically favored to the one 
without, despite the additional excitation energy under the influence of the spin- 
isospin dependent interquark force. This is not the case in our model although we 
also have a spin-isospin force induced by one-pion exchange. In Ref. the strength 
of this force is chosen such to reproduce the full N-A splitting, and is about 3 times 
stronger than in our case. When repeating their calculation with a reduced force by 
a factor of 1/3, the levels do not reverse anymore. Hence, the level reversing found 
in Ref. does not pose a problem in the current model context. 

At present it is certainly worthwhile to consider other basic pentaquark con- 
figurations (such as the 1=1 four-quark combination and also the ones inchiding 
single particle excitations) to obtain the full mass spectra of these systems. Mixing 
between these configurations and coupling to the decay channels furthermore com- 
plicate this issue. Again, a clear dynamical argument should be finally developed to 
work out the observable part of the pentaquark spectra in close relation to present 
and future experimental findings. 

4. 0+ baryon decay width 

In this Section we discuss a possible mechanism for a small decay width of the ©+ 

baryon in the framework of PCQM using an uncorrelated five-quark configuration 
for pentaquarks. Different models have been applied to explain an extremely small 
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Fig. 4. Possible mechanism to generate effective coupling K^suud. 



width of for the 8+ baryon (see detailed discussion in recent papers 27,28,29 
The current experimental status of the 8+ width as foUows. Several recent exper- 
iments give upper limits in range 1-4 MeV The experiment on K'^ coUisions 
on xenon and deuterium gives smaller value of = 0.9 ± 0.3 MeV Below we 
derive the expression for width of ) baryon in terms of unknown coupling of 

the kaon to the strange antiquark and three nonstrange quarks. Next we estimate 
this coupling using our formalism. 

To generate a connected Feynman diagram describing the transition —^ 
p{n) + K'^{K'^) we need a coupling of the kaon to the strange antiquark and three 
nonstrange quarks: K'^suud for the decay into the proton and K^sudd for the decay 
into the neutron. In the framework of the constituent quark model this vertex can 
be understood as an effective coupling generated in second order of perturbation 
theory (for example, due to the exchange by a neutral pion or gluon). Therefore, 
we suggest that the transition 6+ — > p{n) +K'^{K^) is governed by a higher-order 
operator which probably explains the small width of the Q'^ baryon. We understand 
that this scenario is not unique and a more detailed study of the problem should 
be done, but it goes beyond the current manuscript. In Fig. 4 we draw a possible 
second-order diagram (left panel) generating the effective K'^suud coupling which 
is a part of the effective local Lagrangian 

^Kq4x) = -^^K°{x)u{x)Tiu{x)s{x)T2d{x) + h.c. (26) 

where Cj^gt is an unknown dimensionless coupling constant; Fi and F2 are the 
Dirac spin matrices. The coupling K^sudd (diagram and effective Lagrangian) can 
be obtained via the replacements u ^ d and K~^. We choose the simplest 

set of possible spin matrices in the Lagrangian (26): Fi = / and r2 = 175. The 
effective coupling qqnk for the negative-parity pentaquark is defined as 

CeNK{x) = igeNKN{x)Q+{x)K{x) + h.c. (27) 

where N and K are the doublets of nucleons (p, n) and kaons {K^ ^ K^), respectively. 
A straightforward calculation of gsNK in the PCQM relates it to CfCqi-- 

9BNK = Jd'x [g'i^) - fix)] [g'ix] + fix)] (28) 

where g and / are the components of the ground-state quark wave function (8). On 
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Fig. 5. Coupling gsNK as function of c 



the other hand, qqnk is related to the O"*" width as 




(29) 



where A(a;, y, z) = +y'^ + — 2xy — 2yz — 2xz is the Kallen triangle function. 
In Figs. 5 and 6 we demonstrate the behavior of the quantities geNK and re+ as 
functions of effective constant Ckq^- Note, that the central value of r©+ = 0.9 ± 
0.3 MeV corresponds to cxq* = 0.12. Using our formalism we can estimate the 
coupling cxg4 relying on the idea that the two-body forces between nonstrange 
quarks are generated by the one-pion exchange (see left panel in Fig. 4). Our result 
is: CKq'i = 0.33. It gives = 7 MeV which overestimates the current upper limits 
for this quantity Other possibilities for the negative-parity 0+ pentaquark to 
have a small width is also discussed in the content of other theoretical approaches 
(see, for example, discussion in Refs. ^8,30^ 

5. Summary 

In this paper, we have studied mass spectrum of the = l/2~ and 3/2~ 
pentaquark antidecuplets initiated by the newly discovered exotic 6+ baryon. 
We have applied the perturbative chiral quark model, where confined valence 
quarks/antiquarks interact with meson fields according to chiral symmetry require- 
ments and with quantum fluctuations of the gluon field. Guided by experimental 
preference we selected a specific configuration of the pentaquark system leading to 
negative parity baryon multiplets: the flavor SU(3) octet and antidecuplet with spin 
1/2 and 3/2 for each of these multiplets. The 0+ baryon can be considered as a 
possible member of one of the antidecuplets. Here we payed attention to the antide- 
cuplet only, and evaluated the energy shifts arising from the residual interaction 
as well as from the current quark masses. The model parameters, i.e. the confin- 
ing potential and the effective quark-gluon coupling, are set up and constrained 
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such as to give a reasonable fit to mass shifts in the octet and decuplet sector of 
conventional baryons. 

Within the model we generate a spin 1/2 antidecuplet which is lighter than 
for spin 3/2. The observed ©+ baryon can be assigned as a member of the spin 
1/2 antidecuplet with negative parity. The origin of the splitting between the two 
multiplcts is dominantly traced to the semi-perturbativc gluon exchange between 
the quarks and the antiquark. The size of the splitting is about 185 MeV, which is 
somewhat smaller when compared to the usual mass difference of the conventional 
spin 1/2 and 3/2 ground state baryons. This qualitative difference arises from the 
meson exchange contribution, which shifts the spin 3/2 pentaquark antidecuplet 
slightly lower with respect to the spin 1/2 one, while the spin 3/2 decuplet of the 
ground state baryons becomes about 100 MeV heavier relative to the octet. The two 
spin states are a necessary consequence in most of the pentaquark models, however 
the splitting between these two are often not studied. 

The current quark mass splits the baryon mass inside each antidecuplet accord- 
ing to its strange quark/antiquark content. With the present relativistic quark wave 
function, the size of the splitting is about 41 MeV between each neighboring row 
of the isospin multiplets. By this mechanism the bottom member 5 becomes 123 
MeV heavier than the 6. In addition, the inclusion of the meson cloud gives a con- 
siderable mass splitting within each antidecuplet. For instance, wc obtain a mass 
difference of 96 MeV between the spin 1/2 states 6 and S due to meson loops. Our 
results for SU(3) flavor violation within the multiplets are originally induced by 
flavor dependent quark masses, which in turn affect the meson masses, and thereby 
meson loops. 

As a final result we have a spin 1/2 S which is 220 MeV heavier than its O part- 
ner in the multiplet. This value is 30% smaller when compared to the preliminary 
mass difference of the O"*" and S deduced from data. This result may indicate 
that the present model is reasonable but probably too simplified in treating con- 
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finement. We have not studied the decay widths of the pentaquark system yet. The 
observed narrow decay width of the 9+ baryon is a key challenge to explain. At the 

same time the possible observability of the other members of the multiplet should 
be worked out in consistency with experimental findings. The issue of the decay 
patterns of the antidecuplet pentaquark states will be subject of a forthcoming 
paper. 

Finally, we discuss a possible mechanism for a small decay width of the negative- 
parity 0+ baryon. We suggest an existence of relevant effective transition operator 
which can be generated in the second-order of perturbation theory. Our result 
is: = 7 MeV which overestimates the current upper limits for this quantity: 
r©+ =0.9 ±0.3 MeV ^7. 
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Appendix A. Flavor-spin and color-spin matrix elements 

In the following wc list the flavor-spin and color-spin matrix elements of the antide- 
cuplet pentaquark baryons discussed in the text. Here, the particle label 5 refers 
to the antiquark while 1 to 4 to the valence quarks. The symbols A^"^^"^^ are the 
flavor GcU-Mann matrices, a is the vector of the Pauli spin matrices, and A*^ is the 
vector of the color Gell-Mann matrices. In some matrix elements partial contribu- 
tions of the non-strange quark(n), the strange quark (s), the non-strange (n) and 
strange antiquark (s) are also given. 
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Table 4. Matrix element (l^, 10^, i'^(f '^')| J^J^^i"^ ^j"^ ' 1^^' ^'^ d^)) "'^i*^ °^ ^27. 
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Table 5. Matrix element (l*^, 10^, ' ^5 ll*^, 10^, in units of 1/9. 
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Table 6. Matrix element (1^, 10^, ^i^^^s"^ ' ^5 ll"^, 10^, |^) in units of 1/9. 
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Table 7. Matrix element (1<^, 10^, J^Yl ^i^'-^i"^ l^*^- 1°^' ^^(|'^)> ™ of 1/9. 
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Table 8. Matrix element (l^, 10^, ^^{^^)\Y, ^5"' 4"* ll"^. 10^. S^Cf^)) in units of 1/9. 
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Table 9. Matrix element (1'^, 10^, |*(|'^)| ^ Xf • Xf • ffj 10^, ^'^Cf'^)) in units of 1/27. 
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Table 10. Matrix element (1<^, lO^^, ^ Xf • ctj • CT5 |1<^, 10^, f'^) in units of 1/9. 
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Table 11. Matrix element <1^, 10^, |*'| ^ Xf • ct, • cts ll'', 10^, f in units of 1/9. 
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Table 12. Matrix element (1'=', 10^, ^'^(f *')| ^ Xf ■ Sf^ 10^, | (§ '' )> in units of 1/9. 

i<3 





nn 


ns 


ss 


total 


e 


-72 








-72 


N 


-48 


-24 





-72 




-30 


-3() 


-() 


-72 




-18 


-36 


-18 


-72 



Table 13. Matrix element (1^, 10^, ^ Xf ■ |1'^, 10^, \^(^^)) in miits of 1/9. 
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Table 14. Matrix element {1^, IQ-^, |*'(|*')| Xf • Xf 11^, 10^, |'^ (|^)> in units of 16/3. 
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